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Studies of Organic Semiconductors 
for 40 Years-Vlll 
R. QlAN 
Institute of Chemistry, Academia Sinica, Beuing, P. R. China 

Research in organic semiconductors started in China during the wake of press 
release of pyrolyzed polyacrylonitrile (PAN) as a semiconductor by the Academy 
of Sciences, U.S.S.R. in 1958. Big interest was aroused at that time in various 
research institutions throughout China, particularly Changchun Institute of Applied 
Chemistry, Institute of Physics and Institute of Chemistry, all of Academia Sinica. 
This wave of studies slacked up gradually and was virtually stopped in mid-sixties. 
Then research in this field resumed in early seventies, oriented toward the search 
for organic photoconductors, and materials for photovoltaic devices and electro- 
photography. In August 1978 Professor Martin Pope of New York University gave 
a series of lectures in Institute of Chemistry, Academia Sinica, Beijing, on the 
electronic processes in organic solids. The lecture notes supplemented with more 
recent developments in organic metallic conductors have been published.' Some 
fifty researchers participated in this workshop. This paved a solid road to much 
expanded scope of studies in organic semiconductors. For the study of organic 
solids interests has been diverted also to excimer and exciplex fluorescence, charge 
transfer complexes showing metallic conduction and superconductivity, conducting 
polymers since mid seventies. In the near future it is expected to widen the scope 
of studies on organic solids to organic ferro-magnetic compounds, Langmuir-Blod- 
gett films and materials of non-linear optical properties. 

PY ROLYZED POLYACRY LONITRILE 

Polyacrylonitrile (PAN) under heat treatment in air or under vacuum from 400- 
800°C gave products showing semiconductor properties of increasing conductivity 
and decreasing activation energy for conduction with increasing heat treatment 
temperature.2 Structure changes during pyrolysis was followed by elemental anal- 
ysis, infra-red ~ p e c t r a , ~ , ~  thermogra~imetry,~ d e n ~ i t y , ~  therm~-e.rn.f .~  and wide 
angle X-ray diffraction (WAXD).6 Drastic structure changes and weight decrease 
were observed to occur at 400°C and above 700". The average size of conjugation 
in the conjugation plane estimated from the width of WAXD peaks of (100) and 
(002) planes was only 1-2 nm, increasing with the heat treatment temperature 
from 500-1000°C. The distance between the conjugation planes showed two min- 
ima at 500 and 700"C.6 D.C. and A.C. condu~tivities'-~ and thermo-e.m.f.1° of the 
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118 R. QIAN 

Time, min 
FIGURE 1 
additives. 
1-10% hydroquinone 
2-no additive, preheated at 200" for 50 hr. 
3--y-ray irradiated, lo7 Roentgen 
4-10% benzoic acid 
5--10% rubber vulcanization accelerator DM 
6-7-ray irradiated, lo5 Roentgen 
7-no additive 
8-not deaerated before reaction 
9-10% o-nitrobenzoic acid 

H,S evolution at 200°C for a mixture of PAN and S(1:l) in the presence of various 

pyrolyzed products were studied. Pyrolysis of PAN in the presence of ZnC1, and 
ZnO, A1,0, and Ti02,11 sulfur', and NH,, was also studied. In the presence of S 
the kinetics of H,S evolution at 200°C showed an S-shaped curve with an induction 
period.', 0, in air inhibited the reaction while the addition of 10% p-hydroquinone 
eliminated the induction period as shown in Figure 1. 

By the end of sixties the interest of studies on pyrolysis of PAN was shifted to 
the preparation of carbon fibres. It was found that Lewis acid like SnCl, could 
accelerate the cyclization of PAN at 220°C without significant loss of H.13 For SnCI, 
treated PAN copolymer fibre on further heat treatment a drastic conductivity 
increase of 7 orders of magnitude occurred at 290°C to reach a conductivity of 
S/cm at 350°C as shown in Figure 2. In this way semiconductive fibres of a wide 
range of conductivities can be easily prepared. The fibre showed A.C. conductivities 
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FIGURE 2 Change of resistance of PAN fiber treated with 3 wt% SnCI2 in Ph20 by thermal treatment 
1 -PAN copolymer I 
2-PAN copolymer I1 
3-PAN homopolymer 
4-PAN copolymer I untreated 
Resistance for lff fibers of total cross-area: 3.16 . cm2, length: 1 cm. 

a(f) a f" with n = 1 for frequencies above ca. lo4 Hz and n = 0.3-0.4 for lower 
frequencies. l3 

SYNTHESIS OF OTHER CONJUGATED POLYMERS 

Some new polymers containing extended conjugated bonds or new catalyst for such 
polymerization have been studied. Metal chelates of 5-bridged bis-8-hydroxyqui- 
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120 R. QIAN 

noline of the following ~tructure '~ 

M=Cu, Ag(II), Be, Mg, Zn, Cd, AI(III), Cr(III), Mn, Fe(II), 
Co, Ni, Pb, VO+,  Pb 

y= -N=N-, -N=N *=N-, - C H 2 -  

were synthesized among which transition metal complexes of Y= -N=N- showed 
highest conductivity reaching Slcm for pressed powder compactions. However 
thermal stability were the lowest among them. Poly(Schiff base) of the structures 

=CH--CH=N-X-N= 

and 

with 

were ~ynthesized.'~ The first series of the above polymers underwent cyclization 
reaction on heating while the second series of polymers underwent further poly- 
merization when heated not higher than 350°C. These polymers were soluble in 
HCOOH. Conductivities were found to be low, lo-" S/cm at 180°C. 

2,3-B.utanedione was polymerized in the presence of ZnCI, to a polymer at 200- 
400°C21 which shows ESR signal, a conductivity of lo-" S/cm and an activation 
energy for conduction 0.3-0.4 eV. When 2,3-butanedione was condensed with p- 
phenylenediamine an insoluble conjugated polymer of the structure 
-C(CH3)=N-C,H4-N=C(CH3)- of similar cond~ctivity'~ was obtained. 

Phenylacetylene was polymerized with BF318 and BuLi-TiCI4l9 as catalyst to give 
polymers of molar mass 2-3 kD. Benzonitrile was polymerized in anisole with BF3 
as catalyst20 to give polymers soluble in benzene for molar mass less than 1.2 kD 
and soluble in DMF for higher molar masses. 

A new catalyst, n-bis(benzene)Cr, was found21 for the polymerization of per- 
fluorobutyne to the polymer -(CF3)C=C(CF3)- with extended conjugation so 
that the polymer obtained is black with metallic lustre while it is still soluble in 
acetone. The solution showed strong absorption peaks at A309 nm (E 6.5 lo4) and 
A273 nm (€6.8 . 104). Molar mass of the polymer was determined by vapor pressure 
osmometry to be 1.4 kD. The polymer has a conductivity of 10-lo S/cm and is 
stable up to 150°C. 
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STUDIES OF ORGANIC SEMICONDUCTORS FOR 40 YEARS 121 

PHTHALOCYANINES (Pc) 

It was observed by C1, and N,, XPS on PcH, and PcM, M being Mg, Mn, Co and 
Cu, that there were two C,, peaks with intensity ratio of 1:3 corresponding to 8 
C-atoms in the inner macro-ring and 24 C-atoms of phenyl rings. The N,, XPS 
showed two peaks with Eb = 400.0,398.6 eV and intensity ratio 1:3 corresponding 
to 2 N-atoms bonded to H and 6 equivalent N-atoms in the macro-ring. For PcM 
only a single N,, XPS peak was observed, indicating 8 equivalent N-atoms in the 
macro-ring.u The presence of conjugated macro-ring in phthalocyanines has good 
evidence from XPS as well as from optical spectrum and NMR data. 

PcCu is known to have numerous polymorphic forms. The characterization of 
various polymorphs, a-, p-, y-, ti-, E-, x-, and T-, by WAXD, IR, VIS, DTA and 
density determination and the polymorphic transitions have been reviewed.23 Den- 
sity determinations in a dibromoethane (pz0 = 2.18 g/cm3)-ethanol (pzo = 0.79 
g/cm3) density gradient tube gave the following resultsz4: 

a-PCCU 1.641 * 0.002 
p-PCCU 1.627 & 0.001 
X-PCCU 1.615 ? 0.002 
Y-PCCU 1.606 2 0.001 

P-PcHZ 1.451 2 0.001 
p-PcMn 1.643 0.003 
p-PCCO 1.636 ? 0.001 

It is interesting to note that a-PcCu has the highest density of all the polymorphs 
while p-polymorph is the most stable one. 

By a retarding field method the ionization potentials I, for a-PcCu and p-PcCu 
was found to be 4.88 and 4.62 eV r e s p e c t i ~ e l y . ~ ~  A difference of 0.3 eV should be 
considered as the difference in the polarization energy of the crystalline poly- 
morphs. 

More detailed studies have been carried out on PcCu evaporated films. When 
PcCu was evaporated under vacuum of 5 * Pa onto Nesa glass at a film growth 
rate of 4.8 pm/min, the PcCu film obtained was in a-form and oriented with (210) 
and (710) crystalline planes (Honigmann's structure) parallel to the substrate if the 
substrate was not heated during evaporation.26 Thus in the evaporated film the 
crystalline b-axis is standing up from the substrate. However, when the substrate 
was heated to 230-250°C the PcCu film obtained was in p-form with random 
orientation. When the a-PcCu evaporated film was heated above 230"C, transition 
to the p-form occurred but leaving the b-axis still standing up on the substrate. 
This indicates that during the polymorphic transition the PcCu stacks are not 
disensembled at all, only tilting of the PcCu molecular planes and changes in the 
interstack packing are involved in the process. Further studies showed that during 
the oriented growth of a-PcCu evaporated film the direction of the fastest growth, 
the crystalline b-axis, coincides with the direction of the incoming molecular beam.27 
The a-PcCu evaporated film was found to have an apparent density of 1.50 g/cm3 
as compared to the crystalline density of 1.641 g/cm3 and a refractive index of 2.18 
? 0.13 for h2.5-5 pm.28 

The transition of crystalline polymorph and morphology of PcCu evaporated 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
05

 1
9 

Fe
br

ua
ry

 2
01

3 



122 R. QIAN 
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FIGURE 3 J-V curves for PcCu with Cu, Ag, Au electrodes full line: bottom electrode biased positive; 
broken hoe: bottom electrode biased negative; electrode area: 13 mm2. 

film were studied under vacuum from 8 - to 5 * lo3 Pa during e v a p ~ r a t i o n . ~ ~  
When evaporated under low vacuum, lo3 Pa, and at high rate, 400 mg/min, X- 
PcCu was obtained in the form of loose cotton velvet easily blown off from the 
substrate by air current.30 It can be ball-milled with CHC13 to give a fine suspension 
to be deposited as a film. 

Volt-ampere characteristics (j-V) of a-PcCu evaporated film was studied with 
various combinations of electrode pairs3' For Cu/a-PcCu/Cu the j-V curve started 
from an ohmic region at low voltages and entered a space charge limited current 
(SCLC) region of 3.5 power dependence followed by square dependence at high 
applied voltages as shown in Figure 3. Only the transition from ohmic to square 
dependence was observed for Ag and Au electrodes. When A1 was evaporated 
onto a-PcCu as a top electrode it showed the behavior of a blocking contact. Ag 
(bottom)/a-PcCu/Al (top) and Cu/a-PcCu/Al showed good rectifying effect, being 
conducting when Ag or Cu was biased positive. When A1 was evaporated onto a 
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STUDIES OF ORGANIC SEMICONDUCTORS FOR 40 YEARS 123 
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FIGURE 4 IDC spectrum of a-PcCu evaporated film at temperatures 300, 313 and 324 K. Points: 
observed data; curves: fitted Gaussian distribution to give trap energy level Em = 0.47 eV, width of 
distribution u = 0.036 eV. total density of states N, = 2.4 . loM cm-3 eV-I; frequency factor Y = 1.8 
. lo7 sec-I. 

glass substrate as a bottom electrode and had been in contact with air before PcCu 
was evaporated on, it showed SCLC behavior with a Au top electrode. A1,0, 
formed on the surface of A1 apparently played an important role here. SnO,/a- 
PcCu/Au or Cu showed SCLC behavior in its j-V characteristics, being symmetric 
with respect to the polarity of applied voltages. Lot of trap states are usually present 
in a-PcCu evaporated film. The trap energy distribution was measured by iso- 
thermal decay current (IDC) method on a SnO,/a-PcCu/Cu sandwich sample yield- 
ing a Gaussian distribution of trap energy at an energy level of 0.47 eV with a 
width of 0.036 eV and a total trap state density of 2.4 * 1020 cm-3 eV-* as shown 
in Figure 4.’,J3 

A.C. conductivity measurements showed that the A.C. conductivity of the above 
type of sandwich configuration increased rather slowly from the D.C. value with 
increasing frequency at low frequencies and then increased as f’.’ at frequencies 
above 105 Hz, while the electrical capacity showed a sharp decrease between 30 
and 300 Hz as shown in Figure 5.34 The photo-conduction action spectrum of a- 
PcCu evaporated film in sandwich configuration was almost antibatic with respect 
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FIGURE 5 Frequency AC conductivity and capacity of a-PcCu evap. film at lPC,  Nesa glass, Cu 
electrodes. 

to its absorption spectrum in the visible region,35 presumably due to fast surface 
recombination of photogenerated carriers. 

The sandwich configuration S~O,/X-PCCLI/A~~~ showed SCLC behavior when 
Ag was biased negative and a ratio of photo- to dark currents of the order of 10, 
under an irradiance of 18 mW/cm2 even at high applied fields (105V/cm). The 
activation energy for dark conduction was found to be 0.79 eV. An 18% X-PcCu 
dispersed in PMMA polymer matrix still possessed good photo-conductivity . 

The dark conduction of a sandwich cell SnOz/CdS, a - P c C ~ d A g ~ ~  showed the 
behavior of a p / n  hetero-junction. It showed photo-voltaic effect to produce a V,, 
of 0.42 V and j,, of 37 pA/cm2 under an irradiance of 7 mW/cm2, the conversion 
efficiency being 0.15% (fill factor 0.3). It was found that only the photocarriers 
generated at the junction was effective presumably due to high recombination rate 
in a-PcCu evaporated film. 

S/cm inde- 
pendent of the ambient atmosphere, whether being air, vacuum or H2.37 The 
activation energy for conduction was found to be 0.21 eV. 

Pc,Lu powder compacts showed high dark conductivity of 8 - 
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STUDIES OF ORGANIC SEMICONDUCTORS FOR 40 YEARS 125 

CYANINE DYES 

Many cyanine dyes including those containing a squarylium structure were syn- 
thesized and studied for its photo-conductivity and photo-voltaic effect for solar 
cell applications. One which has been studied more in detail is 3-ethyl-5-[2-(3-ethyI- 
2-benzothiazolinylidene)-ethylidene]-rhodanine (BTER) of the following structure 

which contains a benzothiazole donor moiety and a rhodanine acceptor moiety in 
the molecule. Single crystals were grown to sufficient size to study the crystalline 
structure and conduction and photo-conduction properties of the crystal. When it 
was crystallized from pyridine solution two different crystal forms could be grown 
simultaneously from the same solution bath, which were proved to be polymorphs. 
One of them are red needles designated as a-crystal modification and the other 
are green platelets designated as P-crystal m o d i f i c a t i ~ n . ~ ~  The crystalline structure 
parameters are listed in Table I.39,40 The two forms differ in the molecular packing 
in the crystal as shown in Figure 6. The a-crystal consists of stacked columns of 
planar BTER molecules in diads with a molecular stacking distance of 0.357 nm 
within the diads and 0.372 nm between the diads. In the P-crystal diad stacking of 
BTER molecules still prevails with a stacking distance of 0.373 nm, but these diads 
are oriented with molecular planes of the neighboring diads lying almost perpen- 
dicular to each other. In both crystals the molecular packing in the diad is in such 
a way that the donor moiety of the molecule is stacked with the acceptor moiety 
of the neighboring molecule in the diad. The crystal densities found were 1.425 
g/cm3 (a-crystal) and 1.388 g/cm3 (p-crystal). 

The crystal ionization potential Ic for BTER was found to be 5.25 eV41 by Arnold- 

TABLE I 

Crystal structure parameters of the a- and P-modifications of BTER crystal 

a P 
Triclinic Monoclinic 
a = 0.7458 nm 
b = 1.0736 nm 
c = 1.1039 nm 
a = 95.16' 
P = 107.16" 
y = 103.09" 
z = 2  2 = 4  
p = 1.432 g cm-' 
Space group P1 PZlk 

Stacking distance 
0.357 nm in diad 
0.372 nm between diads 

a = 1.1650 nm 
6 = 0.9026 nm 
c = 1.5654 nm 
P = 92.24" 

p = 1.407 g C I T I - ~  

0.373 nm in diad 
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O C  
Q N  

0 0  

126 

FIGURE 6 Crystal structure of a- and P-BTER: (a) a-BTER, Projection along a-axis; (b) a-BTER, 
Projection along b-axis; (c) P-BTER. 
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FIGURE 6 (Continued). 

Pope apparatus, and the gas ionization potential Ig was found to be 6.69 eV by 
UPS,42 giving a polarization energy of the crystal 1.44 eV. 

The a-crystal showed a conductivity of 2.3 * 10-lo S/cm along a-axis, 1.1 . lo-" 
S/cm along c-axis and for the P-crystal conductivities found were 3.9 * S/cm 
along b-axis and 7.4 - lo-" S/cm along a - a ~ i s . ~ ~  High anisotropy in conductivity 
of the a-crystal is consistent with the quasi-one dimensional structure of the crystal. 
SCLC was observed for the a-crystal at applied fields higher than 4 . 102 V/cm 
along a-axis and 2.5 * 1W V/cm along c-axis. 

Evaporated film of BTER by rapid evaporation, 150-340 n d s ,  at 4.0 Pa vacuum 
onto SnO, coated glass substrate was a red amorphous transparent film which 
turned to opaque polycrystalline film of a-form in 20 min to 4 h depending on 
temperature around room t e m p e r a t ~ r e . ~ ~ . ~  The amorphous film showed little photo- 
conductivity while the growth of photo-conductivity was very pronounced during 
crystal l i~at ion.~~ A SnO,/BTER/Cu sandwich cell showed a photo- to dark con- 
ductivity ratio of 10, at 103-2 1W V/cm under an irradiance of 13 mW/cm-2, the 
dark conductivity being 10-11-10-12 S/cm. The photo-current reached 7 . lo-, A/ 
cm2 at 100 V applied voltage (2 . lo5 V/cm). However the decay of photo-current 
after turning off the illumination was very slow, in matter of several hours, pre- 
sumably due to tremendous amount of traps present in the film. 

Various structure modifications of merocyanine dyes of the following struc- 
ures45-48 with absorption peaks of the evaporated films covering the whole visible 
spectrum of A = 400-650 nm were studied for photo-voltaic properties using the 
sandwich configuration semitransparent Al, Al,O,/dye/Ag. 
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128 R. QIAN 

x = s , o  

R R X I ,  X, = <Me,-. --S. 4 H =  

Among them the better ones found are listed in Table 11. 

POLYVINYLCARBAZOLE TYPE ELECTROPHOTOGRAPHIC MATERIALS 

Polyvinylcarbazole-2,4,7-trinitrofluorenone (PVCz-TNF) charge transfer complex 
shows an absorption band in the visible region. It can be used as a photo-receptor 
for electrophotography. The dark conductivity of the sandwich configuration SnOJ 

TABLE I1 

Photovoltaic properties of the sandwich cell AI,Al,O,/dye/Ag 

Dye L c  v, Conversion efficiency’% 

VI, R=Et, R,=MeO 
R,H, X=S, Y=(B) 

VI, R=Me. R,=RFH 
X,=X,--CMe, 

VI, R=Et, R l = R ~ H ,  
X I S ,  X+CMe, 
Y=(A) 

Y+A) 

40 0.95 

28 0.94 

20 1 .oo 

1.12 

0.80 

0.61 

‘Under 7 rnwlcm2 irradiance. 
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STUDIES OF ORGANIC SEMICONDUCTORS FOR 40 YEARS 129 

PVCz-TNF(l:OS)/Cu showed ohmic behavior at low applied fields and then con- 
formed to a square dependence in its j-V  characteristic^.^^ This was found to be 
independent of the top electrode used (Cu, Ag or  Au). Mobility measurements by 
time of flight method showed that the hole transport was dispersive satisfying Scher- 
Montroll relation to give a mobility ph = 4.1 * cm2 v-l s-l  at E c 1.8 - 105 
at 40"C,S0 and became non-dispersive above 45"C51 At high fields the hole mobility 
increased with Eln as shown in Figure 7. The electron transport was non-dispersive 
at 40°C with mobility values much higher than the hole mobility and increased with 
Ell2 at the lowest field used in measurement (1 - 105/cm). Thus it is clear that the 
non-ohmic behavior is a bulk effect of the Pool-Frenkel mechanism. The photo- 
conduction action spectrum showed a peak in the visible region at A590 nmS2 in 
accord with the charge transfer absorption. 

As an electrophotographic photo-receptor a coating of PVCz-TNF was applied 
to a polyester film base with an evaporated Al surface coating. The film surface 

FIGURE 7 Field dependence of the conductivity and hole and electron mobilities of PVK-TNF (1:O.S) 
at 40"C, thickness 6.1 pm, electrode area 19.6 mmz. 
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130 R. QIAN 

TABLE 111 
Nitrofluorenones and CT complex formation with N-vinylcarbazole (VCz) 

VCz-NF 
CT-complex 

Electron Relative degree equilibrium Degree 
affinity, eV of conjugation constant of CT 

2-nitro 0.43 0.48 0.4 0.50 
2,7-di-nitro 0.69 0.52 1.6 0.55 
2,4,7-tri-nitro 0.94" 1.04 2.4 0.62 
2,4,5,7-tetra-nitro 1.21 0.14 2.5 0.67 

'As reference. 

was plasma charged negatively to a high voltage of 400-600 V and the decay of 
the surface potential was followed under illumination. The kinetics of charging up 
was found to follow the relation53 

V = V ,  exp( - k/rln) 

where V, and K are constants with V,  found to be proportional to the thickness 
of the photo-conducting layer. The initial rate of charging decreased with increasing 
molar ratio PVCz:TNF up to 1: l .  The half decay time of the surface potential 
under illumination for a 6 pm thick layer of PVCz:TNF(l:l) followed the reciprocity 
law so that I . tln being independent of the illumination intensity I when I < 10 
lux.54 I - tIn is usually taken as a measure of the sensitivity of the photo-receptor, 
a smaller value indicating better sensitivity. I . f lR  values for PVCz-TNF photo- 
receptor were found to be 6-15. Unpolymerized monomer remaining in PVCz 
greater than 2% decreased the sensitivity of the photo-receptor and caused pro- 
nounced O3 d e t e r i o r a t i ~ n . ~ ~  

As PVCz absorbs only in the ultra-violet a large number of dye sensitizers have 
been synthesized in an attempt to replace TNF for CT complex formation. These 
dyes include pyrylium salts, benzopyrylium salts, thiopyrylium salts, 3-H indolium 
salts and 10-H pyrido-indolium s a l t ~ . ~ ~ - ~ l  A two layer photo-receptor consisted of 
a dye layer on top of poly(viny1-3-Br-carbazole) showed good electrophotographic 
sensitivity of 3 lux-s. The dye was a reaction product of 2-(p-methoxystyryl)-3- 
phenyl benzopyrylium perchlorate and 2-(p-methoxystyryi)-3-phenyl benzopyran 
which has absorption peaks at A570 and X650 nm.62 

The degree of charge transfer between mono-, di-, tri- and tetra-nitro-substituted 
fluorenones and N-vinylcarbazole was studied by N,, XPS using N-ethyl carbazo- 
lium picrate as complete charge transfer.s6 For these nitrofluorenones the electron 
affinity, CT complex equilibrium constant with N-vinylcarbazole as estimated from 
the relative abundance of the molecular ion peak of mass number 315 to the sum 
of all peaks from the molecular fragments of mass numbers greater than 42 from 
mass spectrometry5* are listed in Table 111. 
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QUANTUM CHEMICAL STUDIES 

During the studies of pyrolyzed PAN as organic semiconductor quantum chemical 
calculations by HMO approximation were carried out for infinite conjugated sys- 
tems of -C=N-, €C-, polyphenylene, polyphenylacetylene, polyphenyl- 
enevinylene and polyacene types.63 In more recent studies graph theory method 
was applied to the solution of the characteristic equation.64-68 For conjugated 
polyenes a semiempirical quantitative relation was presented by Jiang69 for the 
electronic absorption frequency of a homologous series of conjugation length n 

5 = a + b(1/2)2” 

where a and b are constants. This equation has been found to fit to experimental 
data very closely and to have wide applications. A quantum chemical theory gave 
the HOMO energy levels 

E = a + b sin[r/(2n + l)] 

for the above mentioned homologous series.70 
Quantum chemical calculations of the electronic energy bands of molecular crys- 

tals have been carried out using linear combination atomic orbital-crystal orbital 
(LCAO-CO) Bloch eigenfunction by variational and perturbation m e t h o d ~ . ~ l - ~ ~  
The energy of MO in crystal is lower than that in the isolated molecule and widened 
to a band of certain width depending on the intermolecular interaction. 

Electronic energy band calculations were also extended to charge transfer com- 
plexes including N-vinylcarbazole-nitrifluorenone~,~~ benzene-tetracyanoethyl- 
ene,76 pyridine-BX, (X=Cl, Br, I) for n,v77 and I T , - I T ~ ~  complexes and porphin 
dimer,79 all using EHMO. It was shown that in the porphin dimer the charge 
distribution in the porphin molecule showed charge localization to form donor and 
acceptor centers in the same molecule which contributed to the CT interaction 
between the porphin molecules in the dimer. 
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